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Introduction
Among variable speed AC drives, the IPM motor drives are particularly adapted to flux-weakening applications such as vehicle propulsion and machine tools, where a wide constant-power speed range is required [1, 2] . The flux weakening capability of an IPM motor depends on the motor design and it is a trade off between the rotor saliency and the permanent magnet quantity [3] . Once the IPM motor has been designed for having a high flux-weakening capability [4, 5] , a proper control strategy is needed to obtain the maximum motor torque capability for a given inverter size (voltage and current limits). In other words, once the inverter and the motor are given, the control strategy must be able to exploit the inverter current and voltage limits completely. Space-vector control strategies for IPM motor drives are normally based on the control of the current vector in the dq frame, synchronous to the rotor [6, 7] . In those cases, field-weakening is obtained by adapting the current reference according to speed on the base of the motor magnetic model [8, 6] . This approach requires the accurate knowledge of the machine model and it is rather sensitive to the model parameters. Moreover, the current references are necessarily calculated for a determined dc-link voltage. In case the dc-link is not exactly constant like it happens with battery or fuel-cell supplied AC drives, an additional voltage loop is needed to correct the current reference vector [7, 9] . As usual for the control of Induction Motor (IM) drives, flux estimators and observers have been also proposed for IPM motor drives, in order to overcome the limitations of the current control in fieldweakening operation [10, 11, 12] . For example, the flux amplitude is controlled by an exterior flux loop, like for Induction Motor drives [13, 14, 15] , or the flux vector dq-components are controlled instead of the current components [10] , e.g. the λ d , i q control proposed in [16] . The direct control of the flux is here proposed in the flux-oriented reference frame. Direct flux control has been rarely adopted. In [17, 18] it is proposed for for Synchronous Reluctance Machines, while in [19] and [20] for IPM motor drives. The use of the field-oriented frame is mutuated from the control of IM drives. The direct flux control proposed here has some aspects in common with the stator flux oriented control of IM drives (IM-SFOC), that has good performance in flux-weakening [21] . The proposed algorithm is very easy to implement and permits the exploitation of the current and voltage limits of the inverter with no need of reference look-up tables, that are difficult to calculate and that are stiffly related to a determined dc-link level. Also in case of a dc-link voltage spread, the direct-flux is capable of exploiting the available voltage completely with no particular modification. The control is implemented for an IPM motor drive designed for light EV traction (7kW @2800rpm). The speed range is 2800 ÷ 10.000rpm.
The IPM motor is of the PMASR type (Permanent-Magnet-Assisted Synchronous Reluctance) a definition that can be also found in [22] .
IPM Motor Model
The magnetic curves of the IPM motor under test are reported in Fig.1-(b) . Cross-saturation effects are evidenced by the spread of the λ d and λ q curves for different cross-current values. The saliency ratio of the motor is high, as demonstrated by the different slopes of d− and q− fluxes, while the permanentmagnet flux (0.07V s @ i d = i q = 0) is little respect to the d-axis flux (0.35V s is the rated d-flux). For this reasons, the motor can be referred to as a PMASR motor as already said: the choice of the (d, q) axes defined in Fig.1-(a) is unusual for IPM motors since it is the frame in use for Synchronous Reluctance machines. The typical IPM machine axes are indicated as (d , q ) in Fig.1-(a) . The experimental model of Fig.1-(b) has been reported for having a precise idea of the machine under test, and will be also used here for outlining in detail the motor torque and speed capability at given inverter current and dc-link voltage. However, for the sake of control implementation, the simplified magnetic model presented in the next subsection (2) will be adopted, with constant d and q inductances and no cross saturation term. 
Motor model in the dq synchronous frame
Apart for the different orientation of the axes ( Fig.1-a) , the rotating reference frame (d, q) is synchronous with the rotor. The IPM motor model in (d, q) is described by (1)-(3). According to the axes orientation, the PM flux is aligned to the q-axis and it is negative.
Where p is the pole-pairs, R is the stator resistance, L d , L q are the inductances of maximum and minimum permeance axes, λ m is the PM flux and T is the electromagnetic torque.
Motor model in the flux-oriented frame
The field oriented reference frame ( f , τ), where f stands for f lux and τ stands for torque, is defined in Fig.2 . The f -axis is oriented along the stator flux vector that is phase shifted by the angle δ with respect to the d-axis, where δ is the phase of the flux vector in the dq frame, according to (4) . 
In the new coordinates the two state variables λ and δ are decoupled between the f and τ components in the state equation (5).
where λ is the stator flux amplitude and δ is the phase angle with respect to the d axis. The torque expression (6) has been obtained by substituting (2) and (4) in (3). The adoption of the field-oriented reference frame simplifies the voltage expression since the motor voltage is practically in quadrature with the machine flux, as evidenced in Fig.2 -b: the management of the inverter voltage limit by means of the direct flux control in flux coordinates is very straightforward, as will be demonstrated in the following sections. Moreover, it is worthy to notice that the torque-current component i τ introduced in (7), significantly simplifies the expression of torque: by means of this new couple of variables (λ, i τ ) the control of the motor torque is also simplified, as will be shown in the following.
Selection of the controlled variables: λ and i τ
In the voltage equation (5), the two state variables are the flux amplitude and phase angle λ and δ. However, the expression of torque in λ, δ is quite complicate and achieving a linear and decoupled control of the torque by means of λ and δ is not straightforward (6) . The control of the i τ current component instead of δ permits the control of the torque by means of the simple and decoupled scheme presented hereafter. Moreover, the limitation of the motor current amplitude, according to the inverter maximum current, is easily obtained by the control of i τ , as will be shown in the followings. The voltage equation in the new variables is reported in (8) .
where:
The resistive drops have been disregarded in (8) . The variable terms b(λ, δ) and k(δ) are two functions of the machine magnetic state. This means that the control of the i τ current component will be influenced by the actual amplitude and phase of the machine flux as explained in the next section.
Direct flux, field oriented control scheme
The proposed control scheme is reported in Fig.3 . The flux reference λ * is determined by the requested torque according to the linear control law (11) . Once the reference flux is set, the i * τ value is calculated coherently with the torque expression (7). The flux weakening block limits the reference flux above the base speed (ω > ω A ), before the reference i * τ is calculated. The limitation block on i * τ ensures the respect of the inverter current limit I max . The factor b assumes negative values in part of the flux plane. In case of b < 0 the i τ control would be unstable, due to positive feedback. The b = 0 curve is the border of torque instability, and it is reported in Fig.4-b for the drive under test. According to the definition given in (10), b = 0 means that the torque derivative with respect to flux phase angle is null. This trajectory coincides with the field-weakening region II or the Maximum Torque Per Voltage (MTPV) trajectory. It corresponds to deep flux weakening conditions that occurs at very high speed, at least for the drive under test. The MTPV curve is the optimal control trajectory for maximum torque at high speed. The instability due to b < 0 does not occur if the MTPV trajectory is respected. In the proposed control the constraint b = 0 is fulfilled by proper limitation of the i τ reference value. In the following it will be shown that b = 0 falls out of the speed range of the drive under test and this limitation will not be implemented here.
Flux reference at low speed
The flux reference is set by means of the linear law (11) . The minimum flux set at no load equals the permanent magnets flux λ m . Then the flux reference is increased proportionally with the torque. The flux reference λ nom at rated torque T nom is chosen according to the Maximum Torque Per Ampere curve shown in Fig.4 (MTPA -point A) , as will be better explained in the followings.
Flux Weakening
The flux reference is limited according to the actual speed and the inverter maximum voltage by means of the simple relationship (12) , where the resistive drops are not considered.
In case the limit V max is not a constant value (e.g. battery supplied drive for traction), the flux weakening block is calculated according to the measured dc-link voltage (13) .
where V dc is the measured dc-link voltage and al pha is a constant term, minor or quasi-equal to the unity, that relies for the voltage margin left by the designer for the dynamics of the flux and current regulators. In the presented experimental results α = 0.90 has been adopted. The resistive term can be also considered in the flux weakening law by small modification of (12), but it is negligible in most of cases at high speed.
Maximum current limit.
The I max saturation block in Fig.3 limits i * τ according to the amplitude of the measured current (14) .
where i f is the current component in phase with the flux (5).
Maximum Torque Per Voltage limit
The MTPV or b = 0 limit curve is out of the operating region of the IPM motor drive under test, according to the speed range specified in Table I in the Appendix. As evidenced in Fig. 4 , the MTPV zone would occur above 17000rpm, while the maximum speed of the drive is 10000rpm. In case MTPV is exploited, a further limitation of the i τ reference would be necessary.
Flux Observer
The control performance rely on the accuracy of the flux observer. The flux observer scheme adopted here is the one proposed in [10] , based on the motor magnetic model at low speed and on back-EMF integration at high speed. The motor model adopted in the flux observer is the simplified magnetic model reported in (1) . The L d value corresponds to the apparent value at rated machine flux, that is the saturated value. Despite the model inaccuracy, the response of the observer is fast at any speed and the sensitivity to motor's parameters is very weak:
• at very low speed, far below the field weakening region, the simplified magnetic model introduces an error in the flux module and orientation estimations. This errors can produce an error in the controlled torque, that is usually compensated by the speed loop, but no effect at rated torque and current since the rated L d value has been implemented in the flux observer;
• as the speed increases the flux estimation error vanishes due to the back-EMF contribution. Above the base speed ω A , the flux estimation is normally correct;
• the detuning of motor resistance has little effect since the back-EMF scheme operates at high speed where the resistive term is negligible;
• apart from the PM flux term, the magnetic model is practically insensitive to temperature. The PM flux term here is small respect to the total flux, as usual for IPM machines of the PMASR type.
Drive operation limits in flux coordinates
In case the IPM motor drive is current controlled, the maximum-torque control in field weakening relies on the current vector trajectory represented in Fig.4-a, Table I in the Appendix.
• Point A (speed 0 ÷ ω A ): it is the intersection between the Maximum Torque Per Ampere Curve and the I max circle. Nominal torque and flux follow: T nom = 20Nm, λ nom = λ A = 0.363V s, as well as base speed ω A = 2700rpm, calculated at (V max , λ A ).
• Trajectory A → B (speed ω A ÷ ω B ): is the current and voltage-limited region, along the I max circle. It is the region from the base speed ω A to ω B that is calculated according to V max and λ B . For the drive under test λ B = 0.065V s and ω B = 17000rpm is greater than maximum operating speed.
• Trajectory B → C (speed ω B ÷ ∞): is the voltage-limited region. The drive operates on the MTPV curve (b = 0), virtually with no upper speed limit.
The maximum torque and power performance corresponding to Fig.4 -a and-b diagrams is then reported in Fig. 5 .
Simulated and Experimental results
The IPM motor under test is rated 7kW in the speed range 2700 ÷ 10000 rpm. The direct field-oriented control is tested in simulation (Matlab Simulink) and then implemented on a floating point microcontroller (ADSP 21060 sharc). The use of C-SFunctions in Simulink, allows the portability of the control code from simulation to experimental implementation. This approach is very powerful for development purposes, and results in simulations that match very well the experimental data. Nevertheless, the algorithm is suitable for fixed-point implementation on a low-cost DSP, since it's simple and straightforward as demonstrated along the paper.
The drive response to a speed step command from zero to 8000rpm at no load is shown in Fig.6 . The full exploitation of maximum voltage is evidenced. The transient trajectory of the flux vector, both in motoring and braking, is shown in Fig.7 , for a step response from zero to maximum speed and back to zero. In flux weakening, the flux follows the A → B trajectory introduced in Fig.4 period (100) in motoring and braking operation respectively. The orientation error causes a small reduction of the actual torque with respect to the reference one, while the flux amplitude error reflects on the motor voltage value in flux weakening. Both the effects have no practical impact on the IPM motor drive performance. The current limit is still exactly obtained since the I max strategy is based on the measured current. The flux vector trajectory from zero to maximum torque in quasi-stationary conditions is shown in Fig.8 . The flux trajectory corresponds to the linear control law (11) . In comparison with the MTPA curve reported in Fig.4-b , torque values are obtained by a smaller flux amplitude then by a higher current value that could be minimized by the adoption of the MTPA control law. The linear control law (11) has been adopted here for its simplicity. Nevertheless, at rated torque MTPA and (11) converge to point A where nominal torque T nom = 20Nm is obtained. 
Conclusions
The direct flux control of an IPM motor drive with large flux weakening capability has been proposed in the field-oriented reference frame. Experimental tests have been carried out on a drive for EV traction, rated 7kW. The exploitation of the current and voltage limits of the inverter is obtained by means of a simple control algorithm. The method is robust toward flux estimation errors at low speed, while flux estimation is accurate in the flux weakening region with any flux observer based on back-EMF integration. The respect of the voltage limit is obtained also with large variations of the dc-link. The control strategy is particularly adapt to motor drives designed for electrical and hybrid traction, with a large constant power speed range and a battery of fuel-cell power supply. Due to its simplicity, the algorithm is suitable for implementation on a low-cost, fixed-point DSPs. APPENDIX: IPM motor drive data.
The motor under test is designed for light electrical traction. The motor and inverter ratings are summarized in Table I . 
